This research peruses the characteristics of nanoparticles on stagnation point flow of a generalized Newtonian Carreau fluid past a nonlinear stretching sheet with nonlinear thermal radiation. The process of mass transfer is modeled using activation energy and binary chemical reaction along with the Brownian motion and thermophoresis. For energy activation a modified Arrhenius function is invoked. With regard to the solution of the governing differential equations, suitable transformation variables are used to obtain the system of nonlinear ordinary differential equations before being numerically solved using the shooting method. Graphical results are shown in order to scrutinize the behavior of pertinent parameters on velocity, temperature profiles, and concentration of nanoparticle. Also, the behavior of fluid flow is investigated through the coefficient of the skin friction, Nusselt number, Sherwood number, and streamlines. Results showed that the velocity ratio parameter serves to increase the velocity of fluid and reduces the temperature distribution and nanoparticle concentration. The results were compared with the available studies and were found to be in excellent agreement.
Introduction
The study of stagnation point flow due to stretching sheet that varies linearly or nonlinearly is a significant problem in engineering and has many applications in industries, dealing with polymer extrusion of sheets, cable coating, wire drawing, glass blowing, manufacturing of rubber and plastics sheets, melting spinning, hot rolling, and glass fiber production. In 1911, Hiemenz 1 first examined the steady flow near a stagnation point in moving fluid. Chiam 2 discussed the steady viscous flow near a stagnation point towards a stretching plate, and found that near the plate no boundary is formed when the velocities of stagnation flow and stretching plate are equal in the viscous free stream. Later on, this problem was reinvestigated by Mahapatra and Gupta 3 by taking different velocities of stagnation flow and stretching sheet. The boundary layer flow with heat and mass transfer towards a stagnation point past a stretching sheet with heat generation or absorption was scrutinized by Layek et al. the analytical solution of boundary layer flow inside a permeable channel for Darcy-Brinkman equations with suction/injection. Shirazpour et al. 8 obtained the analytical solution of fully developed flow in a channel embedded in a Darcy-Brinkman porous medium with Lorentz force. Zaib and Shafie 9 investigated magnetohydrodynamic (MHD) viscous flow of a non-Newtonian fluid and heat with mass transfer near a stagnation point towards an unsteady stretching sheet. The effect of viscous dissipation in fluid flow embedded in a porous medium in the presence of nonlinear drag term bounded by two iso-flux or isothermal walls was investigated by Mousavi and Yaghoobi. 10 Bhattacharyya et al. 11 discussed the combined effects of Soret and Dufour on stagnation point flow over a shrinking sheet and obtained the dual solutions using the shooting method. Zaimi and Ishak 12 scrutinized the mixed convective flow on stagnation point towards a stretching sheet with partial slip effect and obtained the multiple solutions in the case of opposing flow. Recently, Awaludin et al. 13 performed the stability analysis of flow and heat transfer near a stagnation point over a stretching/ shrinking sheet.
There are several fluids of engineering and industrial significance such as multigrade oils, blood polymers, petroleum production, composite material, fruit juices, and shampoos that display the viscoelastic behavior. These fluids cannot be described by simple model of Newtonian fluids. Due to the diversity of flow in nature, different non-Newtonian models have been suggested by researchers. 14, 15 Among several models, one of the important non-Newtonian model is the Carreau fluid model, which is used frequently in chemical engineering. The Carreau fluids are generally identified as generalized Newtonian fluids, which are explained in detail by Bird et al. 16 The Carreau model fits the behavior of suspension of polymers in many fluid problems. It signifies the viscous fluid purely where the viscosity varies with the rate of deformation. Ali and Hayat 17 presented the analytical solution of the generalized Newtonian Carreau fluid of peristaltic motion in an asymmetric channel. The flow and heat transfer characteristics of Carreau fluid past a nonlinear stretching surface was examined by Khan and Hashim. 18 Recently, Khan et al. 19 obtained the numerical solution of the MHD flow of generalized Newtonian Carreau fluid past a heated stretching sheet with nonlinear thermal radiation. Very recently in the other paper, Khan et al. 20 scrutinized the MHD flow of a Carreau fluid near a stagnation point with heat transfer characteristics past a stretching sheet.
The process of mass transfer with binary chemical reaction and Arrhenius activation energy has been given a lot of attention due to its various applications in chemical engineering, cooling of nuclear reacting, geothermal reservoirs, and recovery of thermal oil. Generally, the relations between chemical reactions and mass transport are very complex, and can be scrutinized in the utilization of reactant species and production at several rates within the mass transfer and fluid. Bestman 21 was the first to consider the combined effects of the binary chemical reaction and Arrhenius activation energy on free convection flow with mass transfer in a vertical pipe immersed in a porous medium. He obtained the analytical solution using perturbation method. Maleque 22 studied the MHD free convection flow and heat with mass transfer over a porous vertical plate with binary chemical reaction and Arrhenius activation energy with heat generation\ absorption and viscous dissipation. In the other paper, Maleque 23 studied the MHD free convection flow over a permeable unsteady flat plate with exothermic/endothermic chemical reactions, Arrhenius activation energy, and thermal radiation. Mousavi et al. 24 investigated the viscous flow and heat transfer using two-equation energy model inside a channel embedded in porous medium. The unsteady flow with heat and mass transfer past a stretching sheet with binary chemical reaction with Arrhenius activation energy in a rotating fluid was scrutinized by Awad et al. 25 Recently, Shafique et al. 26 studied the steady flow of a non-Newtonian Maxwell fluid past an elastic surface in a rotating frame in the presence of binary chemical reaction along with the activation energy.
The aim of the current research is to scrutinize the combined effects of activation energy and binary chemical reaction along with nonlinear thermal radiation on stagnation point flow of a nonNewtonian (generalized Newtonian) Carreau fluid by dispersing nanoparticles towards a nonlinear stretching surface. The transmuted nonlinear ordinary differential equations are then numerically solved by using shooting method. To the best of the authors' knowledge, no one has yet considered this type of problem.
Mathematical formulation
Consider a steady two-dimensional stagnation point flow of a generalized Newtonian Carreau nanofluid past a nonlinear stretching sheet with activation energy and binary chemical reaction. The x-axis is taken along the stretching sheet in the direction of motion and the y-axis normal to it as shown in Figure 1 . The variable stretching velocity is u w ðxÞ ¼ bx m with b 4 0 and m 4 0 being constant and free stream velocity is u e ðxÞ ¼ dx m , where d is a positive constant towards a stagnation point from the sheet. Temperature T w and concentration of nanoparticle C w are taken as constants and the ambient temperature T 1 and ambient concentration C 1 are respectively taken as y ! 1. The Brownian motion and thermophoresis effects are presented. Under these assumptions, the governing equations of motion, energy, and concentration of nanoparticle along with the boundary layer assumptions are written as
The appropriate boundary conditions are
where u and v are the components of velocity in x and y directions respectively, is the kinematic fluid viscosity, is the density, Ç is the material constant called relaxation time, n ¼ k=c p is the thermal diffusivity, c p is the specific heat, k is the thermal conductivity, n is the power law index, T is the fluid temperature, T 1 is the ambient temperature, C is the concentration of nanoparticle, D B and D T are the coefficients of Brownian and thermophoresis diffusion, respectively, is the ratio between the effective heat capacity of the nanoparticle material and specific heat capacitance of the fluid. It is worth mentioning that equation (2) can be reduced to Newtonian fluid when power law index n ¼ 1: Further, the value of power law index n in range 0 5 n 5 1 and n 4 1 corresponds to the shear thinning and shear thickening behavior of fluids, respectively, k
T and are the modified Arrhenius function and the Boltzmann constant, respectively, where k 2 r is the chemical reaction rate constant and n 1 is the fitted rate constant that lies between À1 5 n 1 5 1.
Following Khan et al. 19 the radiative heat flux q r is expressed as
where Ã is the Stefan-Boltzmann constant and k Ã is the mean absorption coefficient. It is noted that for a planer boundary layer flow past a hot plate, equation (6) further can be written as
Using equation (7), energy equation (3) can be written as
Introducing the following transformations
Here is the similarity variable, is the stream function satisfying the continuity equation and is given in usual form as u ¼ @ =@y and v ¼ À@ =@x. Here, we define the nondimensional temperature
ð Þ ½ and w 4 1, where w ¼ T w =T 1 is the temperature ratio parameter. The first term on the right-hand side of equation (8) i.e.
where
1 is the thermal radiation parameter. Using equation (9) and the above expression, the nonlinear partial differential equations (2), (4), and (8) are transmuted into the following nonlinear ordinary differential equations
The converted boundary conditions
where prime denotes differentiation with respect to ,
mÀ1 is the nondimensional reaction rate, ¼ T w À T 1 ð Þ =T 1 is the temperature difference parameter, and Sc ¼ =D B is the Schmidt number.
Quantities of physical interest are the local skin friction coefficient and the local Nusselt number, which are defined as
That is
where Re x ¼ bx mþ1 = is the local Reynolds number.
Results and discussion
The transmuted nonlinear ordinary differential equations (10) to (12) associated with the boundary conditions (13) were numerically solved using the shooting method. The obtained numerical results for pertinent parameters involved in the problem are carried out through graphs and tables. Tables 1 and 2 ratio parameter lead to increase in the velocity of fluid for both 5 1 and 4 1 , whereas the thickness of momentum boundary layer shows the reverse trend in both cases. Physically, the value of indicates the ratio of stretching to free stream velocities. Increase in the value of implies that the velocity of free stream is larger than the velocity of stretching sheet. As observed by Mahapatra and Gupta, 27 the value of b implies stretching sheet and enhancement in a relation to b causes an increase in the motion of strain towards a region of stagnation point, which can increase the acceleration of the external stream. However, when the velocity is larger than the velocity of free stream 5 1, the flow elucidates a reversed structure of boundary layer and, consequently, the thickness of boundary layer enhances with an increase in for 5 1. On the other hand, temperature distribution and concentration of nanoparticle reduce due to velocity ratio parameter as shown in Figures 3 and 4 , respectively. Thus, the thermal and concentration boundary layer thicknesses become thinner and thinner for larger values of .
The impact of Weissenberg number
We on the velocity profile for shear thickening n 4 1 ð Þ and shear thinning n 5 1 ð Þ fluids are specified in Figures 5 and  6 , respectively. Figure 5 shows that for shear thickening fluid the velocity of fluid decreases with larger values of We and thickness of momentum boundary layer increases for 4 1. While in the case of 5 1 , the velocity and the momentum boundary layer thickness enhance with higher values of We. On the other hand, the reverse outcome is observed for shear thinning fluid in both cases of 5 1 and 4 1 as shown in Figure 6 . Physical reason behind that is the fluids are more viscous in case of shear thickening compared to shear thinning fluid or Newtonian fluid, which causes the slowdown of the motion and, thus, velocity of the fluid decreases. increasing values of Nt, which causes the thickening of the thermal boundary layer as well as the concentration boundary layer. It is interesting to note that the effect of thermophoresis parameter is more pronounced on the concentration of nanoparticle compared to the temperature distribution. Further, the temperature profile and concentration of nanoparticle have larger impact in the case of 5 1 compared to 4 1.
Figures 9 and 10 are prepared to see the Brownian motion effect Nb on the temperature distribution and concentration of nanoparticle, respectively. Figure 9 elucidates that the temperature distribution and thermal boundary layer thickness enhance with larger values of Nb. Physical reason is that the kinetic energy of the nanoparticle increases due to the strength of this chaotic motion and as a result the fluid's temperature increases, whereas the opposite trend is seen on the concentration nanoparticle as depicted in Figure 10 . It can be seen that the concentration nanoparticle decreases due to the increasing values of Nb. It can be concluded that the Brownian motion parameter makes the fluid warm within the boundary and at that time aggravates deposition particles away from the regime of fluid to the surface that causes a decrease in the concentration profile as well 
as the thickness of boundary layer. The larger values of Brownian motion imply the strong behavior for the smaller particle, whereas for stronger particle the smaller values of Nb are applied. values of power law index n, whereas in case of 4 1 the contraction is seen in fluid velocity due to higher values of n. Thus, power law index plays an important role in the structure of boundary layer. The behavior of temperature distribution and concentration of nanoparticle for various values of nonlinear radiation parameter N d are demonstrated in Figures 12 and 13 , respectively. Figure 12 signifies a decreasing behavior for increasing values of N d . Thus, the thermal boundary layer thickness becomes thinner and thinner while the nanoparticle concentration and boundary thickness concentration enhance with larger values of N d as shown in Figure 13 . This is due to the fact that a large value of the radiation parameter implies the dominance of conduction and, therefore, the thermal boundary layer thickness reduces and concentration boundary layer thickness increases. The effect of radiation parameter is more pronounced on the temperature distribution compared to the nanoparticle concentration. Further, the profiles of temperature distribution and concentration nanoparticle are larger for 5 1 compared to 4 1. Figure 14 elucidates the increasing behavior in concentration profile due to increasing values of nondimensional activation energy E and leads to the increase in the concentration of boundary layer thickness. Physically, higher activation energy and lower temperature leads to lesser reaction rate, which slows down the chemical reaction. Figure 15 preserves the influence of temperature difference on the concentration profile. This result showed that the concentration profile and concentration boundary layer thickness decrease due to increasing values of . Figure 16 shows that due to increase in the values of dimensionless reaction rate , the concentration profile decreases and results in the thinning of the concentration boundary layer thickness. Physically, an increase in the value of leads to an increase in the term 1 þ ð Þ n exp ÀE=1 þ ð Þ . This ultimately helps the destructive chemical reaction that increases the concentration. Figure 17 shows that the value of skin friction leads to enhancement as the velocity ratio increases for both linear and nonlinear stretching sheets. However, the values of the skin friction increases with increasing We in case of 5 1 whereas the values decreases when 4 1. It is interesting to see from this figure that the values of skin friction is higher for the nonlinear stretching sheet compared to the linear stretching sheet when 4 1 , whereas the reverse trend is seen when 5 1. On the other hand, the Nusselt number and the Sherwood number increase for linear and nonlinear stretching sheets as shown in Figures 18 and 19 , respectively. The values are more pronounced for nonlinear stretching sheet when compared to linear stretching sheet. The behavior is also shown in Table 3 .
Finally, the sketch of streamlines using stream function are illustrated in Figures 20 and 21 for both cases of 5 1 and 4 1 , respectively. These figures signify that streamlines are moderately simple, symmetric, and fuller towards an axis because of the equal force moving in the opposite direction, which causes the sheet to enlarge. Similar pattern is observed when 4 1 but the streamlines are squeezed.
Conclusion
In this research, we explored the physical features of generalized Newtonian Carreau fluid immersed in nanofluid near a stagnation point towards a nonlinear stretching sheet with nonlinear thermal radiation. Further, we considered the combined effects of binary chemical reaction with activation energy. The transmuted ordinary differential equations were numerically solved using the shooting method. Some significant features of the problem regarding the various pertinent parameters were gathered. The velocity boundary layer become thicker when the velocity of stretching sheet dominates the velocity of free stream 5 1 ð Þ , whereas a reverse effect was seen when the velocity of free stream dominates the velocity of stretching sheet 4 1 ð Þ. On the other hand, temperature of fluid as well as the concentration of nanoparticle decline as the velocity ratio increases. We observed that the Weissenberg number has relatively reverse effect on the fluid velocity in case of two different velocity ratio parameters. Strength of the thermophoresis parameter enhanced the temperature distribution as well as the concentration of nanoparticle for both 5 1 and 4 1. Brownian motion strengthens the temperature profile and weaken the concentration of nanoparticle. Large value of the radiation parameter reduces the thermal boundary layer thickness and enhances the concentration boundary layer thickness. Temperature difference parameter and dimensionless reaction parameter reduce the concentration profile, whereas the profile enhances due to activation energy parameter. The values of skin friction are higher for nonlinear stretching sheet compared to linear stretching sheet when 4 1, while an opposite trend is perceived when 5 1. 
